Abstract
methylguanine DNA methyltransferase (MGMT), mismatch repair (MMR), base-excision repair (BER), nucleotide-excision repair (NER) and double-strand break (DSB) repair, which involves homologous recombination (HR) and non-homologous end joining (NHEJ) repair sub-pathways
. Additionally, there exist a [7] , as well as a DNA-crosslink repair pathway, combining HR and TLS, the Fanconi anaemia pathway (FA) [8] .
DNA replication block bypassing repair mechanism termed postreplication repair (PRR), consisting of both error-prone translesion synthesis (TLS) and error-free damage avoidance
The emergence of DNA repair deregulation as a key aspect of carcinogenesis and cancer progression has been previously described and attributed, at least partially, to generation of genomic instability at vulnerable sites, based on their structure and characteristics [9] . Aberrantly proliferating precancerous cells are subjected to increased oncogene-induced DNA replication stress, which renders them susceptible to DSB formation, with subsequent activation of the DNA-damage checkpoint and p53-dependent apoptosis. In the context of cancer progression, these cells might be subject to selective pressure for inactivation of such key checkpoint genes, as is p53 [9, 10] , which would ultimately lead to the evasion of normal DNA-damage response events, as observed in cancerous phenotypes. [11] [12] [13] [14] .
The ubiquitin-proteasome system (UPS) is long-established to be a cellular tool for the marking and proteolytic degradation of proteins involved in a wide variety of structural and functional roles inside the cell. The UPS includes the 'ubiquitously' expressed 76-amino acid protein ubiquitin (Ub), the multi-subunit protein organelle 26S proteasome, consisting of one 20S catalytic and two 19S regulatory subunits, and finally, a three-step enzymatic cascade of Ub-activating (E1), Ub-conjugating (E2) and Ubligase (E3) enzymes that attach Ub to the target protein
In an expanding outlook of the ubiquity protein family there are several Ub-like proteins, sharing similarities in both structure and activation process, mainly represented by the small ubiquitin-like modifier (SUMO) protein and neural precursor cell expressed, developmentally down-regulated protein 8 (NEDD8) [15] . [16, 17] . Regarding [2] . [29, 30] . The proposed model distinguishes a regulatory inhibition of multi-ubiquitination and 26S proteasome-related proteolysis of Rad4 upon DNA damage, which is followed by the proteolytic degradation of Rad4 after the completion of DNA repair [31, 32] [33, 34] . HR23 is expressed in two homologues, HR23A and HR23B, which are functionally equivalent in NER, despite the predominance of XPC/HR23B complexes in normal cells [35] . Both HR23A and HR23B were found to interact with the S5a subunit of 26S proteasome [36] . UbL domain of HR23 binds the 26S proteasome while UBAs inhibit the formation of multi-Ub chains on Rad4 surface [37, 38] . Furthermore, the UBA-2 domain allows Rad23 to interact with the proteasome without facing destruction that would otherwise render Rad23 a short-lived protein [39] . The proper Rad23 activity additionally requires the recognition of the delivered proteolytic substrates by Rpn10, a proteasome-associated multi-Ub chain binding protein [40, 41] [48] . [49] , in agreement with a consistent role of the BRCA1/BARD1 complex in promoting poly-ubiquitylation by its Ub-ligase activity [49, 50] . [51] . Further evidence highlights the suppression of HR by proteasome inhibition via a Rad51-dependent way [52, 53] [53, 54] . [55] . Consequently, these results are consistent with a cell cycle-and proteasome-dependent formation of ETOPinduced RPA or MRN complex repair foci [55] . [56] [57] . This is in line with the observation that NHEJ is not significantly influenced by proteasome inhibition, contrarily to the substantial effect exerted on HR, mentioned above [53] .
The step from the identification of UPS as a principal tool for intracellular proteolysis to the correlation of UPS dysfunction with the onset of disease has recently been illustrated for neurodegenerative disorders and malignancies

Proteolytic roles of UPS in DNA repair
NER pathway
Regarding the influence of UPS on NER pathway, there is a complex group of interactions between NER proteins, Ub and subunits of 26 S proteasome, establishing both proteolytic and non-proteolytic roles for UPS. The NER pathway is responsible for the removal of UV-induced DNA lesions and other bulky adducts, such
. This switch mechanism is regulated by the co-existence and interactions (intra-and intermolecular) of one Ub-like (UbL) amino-terminal domain and two carboxyterminal ubiquitin-associated (UBA) domains on Rad23, the yeast homologue of human HR23
DSB repair pathway
Furthermore, the proteolytic activity of UPS seems to determine the choice of type of HR repair as demonstrated by the shift of repair process from gene conversion (GC), which is an error-free sub-pathway of HR, to error-prone single-strand annealing (SSA), observed in mammalian cells after proteasome inhibition. In the same study, the authors are also implying a role for BRCA2 in mediating the proteasome-DSB repair machinery interaction via interacting with the proteasome subunits RPN3 and RPN7
The emergence of proteolytic involvement of UPS in DSB repair is further supported by the finding that treatment of cells with a proteasome inhibitor dramatically reduced the percentage of cells forming phospho-Nbs1 foci following exposure to the DNA-damaging agent etoposide (ETOP) [55]. Nbs1 forms a part of the Mre11-Rad50-Nbs1 (MRN) complex, which is the main processor of ETOP-induced DSBs at G0/G1 phase, when NHEJ is the predominant form of repair. In contrast, proteasome inhibition did not alter the percentage of ETOP-treated cells in S/G2 phase containing RPA. It is important to clarify that following etoposide treatment, cells form foci containing either RPA or the MRN complex, but not both
NHEJ repair proteins are further modulated by UPS proteolytic properties. The heterodimeric repair protein complex Ku70/Ku80 is the first recognition and damage-binding step of NHEJ repair [2]. Ku70 is subjected to ubiquitination and subsequent degradation by the proteasome upon apoptotic stress, demonstrated by increased levels of Ku70 after inhibition of proteasome activity. Ubiquitylated Ku70 is inhibitory for the formation of Ku70/Ku80 complex (Ku), given that these two proteins are known to stabilise each other
PRR pathway
The [59] . [60] . Poly [64] .
The proteolytic involvement of UPS in PRR became more evident after the recent finding that Pol is post-translationally controlled by ubiquitination-mediated proteolytic degradation, the transient inhibition of which is believed to be a contributing mechanism for stabilisation of Pol after UV-damage
Non-proteolytic roles of UPS in DNA repair
FA pathway
The FA pathway is an example of non-proteolytic regulation of DNA repair as well. Consisting of at least 12 proteins, the FA pathway is activated after DNA damage and the forming nuclear core complex (FANCA, B, C, E, F [8, 43] . Mono-ubiquitylation of FANCD2 is reversed by USP1, a member of the protease family of de-ubiquitylating enzymes (DUBs) after the completion of repair [43, 65] . It was also shown that proteasome inhibition blocks both basal and DNA damage-induced (irradiation, UV, DNA crosslinking agents, hydroxyurea) monoubiquitylation and nuclear foci formation of FANCD2 [54] [66, 67] . [43, 68] .
, G, L, M) causes the mono-ubiquitylation of Fanconi anaemia complementation group D2 (FANCD2) protein by acting as a Ub-ligase, thus facilitating the interaction with chromatin, HR and TLS proteins
BER pathway
Non-proteolytic post-translational modifications are also part of BER regulation. This is the case for TDG, which becomes conjugated with SUMO-1 and SUMO-2/3 proteins after the hydrolysis of mispaired U or T base, opposite G [68]. This reversible SUMOylation reduces the DNA-binding affinity of the enzyme to the cleaved abasic site, resulting not only in the efficient progression of abasic site processing by apurinic and apyrimidinic endonuclease (APE) but also in the release and turnover of TDG for subsequent rounds of recognition of base mispairs
The non-proteolytic modulation of BER by SUMO is further substantiated in the light of evidence showing that Ubc9, a SUMO E2-ligase, interacted with PARP in a yeast-two-hybrid system. The explanation of this modification is unknown but is speculated to involve deceleration of DNA synthesis for DNA repair prior to replication and a possible role in apoptosis [69, 70] .
Finally, XRCC1, a molecular scaffold protein that coordinates the assembly of BER complexes at the damaged sites, was also found to be a SUMO substrate, however, the effect of sumoylation on its function is unknown [69, 71] . [49] . The role of proteasome at DSBs is speculated to be the proteolytic degradation of one or more components of the DSB repair machinery following the completion of repair [49] . Moreover, the human homologue for Sem1, DSS1, is required for DNA-damage-induced Rad51 nuclear focus formation and was implicated in a possible involvement in the BRCA2-Rad51 complex binding at sites of damage [72] .
DSB repair pathway
However [90, 91] . Although NEDD8 has been primarily reported to function as a regulator of Ub-protein ligases and secondly as a decoy for proteins to undergo proteasomal degradation [15] , further studies are expected to elucidate the significance and the order of the interactions mentioned above, in the context of the whole succession of downstream events in DNA repair pathways. [92, 93] and the tumour suppressors BRCA-1 [50] and BRCA-2 [94] , was underscored, despite the existence of gross evidence indicating that many DNA repair proteins function as p53-or/and BRCA-target genes or conjugates [95] [96] [97] [98] 
Conclusive remarks
